Abstract: Aquatic environmental deterioration is becoming a serious problem due to rapid urbanization and economic development, particularly in developing countries. As two important components of the aquatic environment, water quality and sediment pollution are widely considered to be concerns; however, they are considered separately in most cases. The relationship between water quality and sediment pollution with heavy metals has been little addressed. In this study, the Haihe River Basin (HRB), one of the most polluted areas in China, was used as a case study, and the eutrophication index (EI) and the potential ecological risk index (RI) were employed to evaluate water quality and sediment pollution of heavy metals, respectively. The results showed that generally in the HRB, the water quality was poor, while the risk of heavy metal pollution was relatively low. Surface water quality was mainly influenced by sewage discharges from human daily life, and heavy metal pollution was affected by industry structure, in that the areas with resource/energy consumption industries and high-pollution industries often have high risks of heavy metal pollution Synergic pollution from water eutrophication and sediment pollution with heavy metals was found, especially in the central areas of the HRB, and it was largely dependent on the type of human activities. In the places with intensive human activities, such as secondary industry, eutrophication occurred simultaneously with heavy metal pollution, other than in less human-affected areas. These findings are useful for planning aquatic environment protections and river ecosystem management.
Introduction
As human activity increases, aquatic ecosystems and environments are facing the threat of deterioration. A decline in water quality and the degradation of aquatic ecosystems are often accompanied by rapid agricultural and economic development [1] [2] [3] . Eutrophication, as an important contributor to the degradation of aquatic ecosystems, is the enrichment of water bodies by nutrients, especially compounds of nitrogen (N) and phosphorus (P), which may cause the accelerated growth of algae and higher forms of plant life and produce an undesirable disturbance to the balance of organisms and water quality [4] . This may lead to changes in water clarity and dissolved oxygen, result in the deterioration of the water environment, and even threaten the aquatic ecosystems' function [5, 6] . Currently, in China, the eutrophication of water bodies around industrial and agricultural areas has become increasingly serious and has posed a serious threat to regional water bodies and the environment. It has already become a challenge to sustainable socioeconomic development [3, 7, 8] . Meanwhile, heavy metal pollution has also become a worldwide concern, especially in rivers, because of their toxicity, persistence in the environment, and subsequent accumulation in the bodies of aquatic microorganisms, flora and fauna, which may, in turn, enter the human food chain and cause health problems [9] [10] [11] . Hence, researchers have explained that sediment contamination by heavy metals may have a considerable detrimental effect on the health of aquatic ecosystems [12] [13] [14] . The distribution of heavy metals in sediment adjacent to populated areas can provide evidence of anthropogenic influence on aquatic systems and convenience in assessing the potential risks associated with the discharge of human waste [9] . Previous studies have focused more on surface water quality or heavy metals in sediments separately, such that there is a lack of effective research on the relationship between surface water quality and sediment pollution with heavy metals. The features of synergic pollution on surface water quality and heavy metal pollution in sediments reflect the synchronicity of pollution conditions in different media that may provide a reference for environmental monitoring and management. Thus, exploring and understanding synergic pollution characteristics of surface water quality and heavy metal pollution in sediments and their driving forces are necessary for better environmental management and the formulation of control strategies in large-scale watersheds.
The Haihe River Basin, one of the most important river basins in China, is within China's central political, economic, and cultural area, where approximately 140 million people live [15] . With the rapid development of agriculture and industry in the Haihe River Basin, pollution has become serious [16] [17] [18] . Meanwhile, the rapid urbanization and intensive utilization of water resources in the Haihe River Basin have already led to rivers faced with water shortages and environmental deterioration [19] [20] [21] . Although monitoring and assessment work on water environmental quality in the Haihe River Basin has been widely conducted [2, 21, 22] , systematic studies of the heavy metal pollution in sediments and the surface water quality have been of less concern. For better understanding of the relationship between them and developing pollution control strategies, an investigation of surface water quality, heavy metal pollution in sediments and their synergic pollution characteristics is needed. In this study, the Haihe River Basin (HRB), one of the most polluted areas in northern China, was used as the case study area, and the eutrophication index (EI) and the potential ecological risk index (RI) were employed to evaluate the water quality and sediment pollution with heavy metals, respectively.
The objectives of this study are to: (1) assess the water quality and potential ecological risk of heavy metals in the Haihe River Basin; (2) explore and understand the synergic pollution characteristics of surface water quality and heavy metal pollution in sediments; and (3) identify the driving forces that cause eutrophication, the potential ecological risk of heavy metals and their synergic pollution in the Haihe River Basin.
Materials and Methods

The Study Area
The Haihe River Basin, located mainly within the province of Hebei, includes Beijing, Tianjin, parts of Inner Mongolia, and the provinces of Shanxi, Henan, and Shandong ( Figure 1 ) and covers an area of 318,000 km 2 , where approximately 140 million people live. It is a developed basin with intensive agriculture, industry and rapid urbanization. The central plain of the basin is the most disturbed area, with large cities, high population and developed agriculture and industry. Mountain areas in the northern and western basin mainly depend on agriculture and animal husbandry, and the southern plain of the basin is dominated by agriculture, which is an important grain production base in China. It has been reported that the development of agriculture, industry and rapid urbanization has caused significant pollution in waters in this region [16, 23, 24] . Therefore, the Haihe River Basin has attracted much attention from the Chinese government and has become one of the most important basins in the State 11th and 12th 5-year Plans for Water Pollution Control. The Haihe River Basin is divided into nine major sub-watersheds (Figure 1 ): the Luan River (LR), BeiSan River (BSR), YongDing River Mountain Area (YDRMA), DaQing River (DQR), BeiSiRiver Downstream Plain (BSRDP), ZiYa River (ZYR), HeiLong Gang (HLG), Zhangwei River (ZWR), and Tu-hai-Ma-xia River (TMR). The population and structure of the Gross Domestic Product (GDP) in these watersheds are shown in Table 1 . The population and GDP data were collected from China's Statistical Yearbook 2011 at the county level.
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Sampling
To define the features of aquatic environmental pollution, a total of 320 samples of surface water and 314 samples of surface sediments were collected from 160 sites in the Haihe River Basin (Figure 1 ). Samples in THMJR, HLG, ZWR, ZYR and DQR and part of YDMRA watersheds (a total of 142) were collected in May and September in 2013, while the samples in LR, BSR, DPBSR and part of YDMRA watersheds (a total of 178) were collected in May and September in 2014. Each 
To define the features of aquatic environmental pollution, a total of 320 samples of surface water and 314 samples of surface sediments were collected from 160 sites in the Haihe River Basin (Figure 1 ). Samples in THMJR, HLG, ZWR, ZYR and DQR and part of YDMRA watersheds (a total of 142) were collected in May and September in 2013, while the samples in LR, BSR, DPBSR and part of YDMRA watersheds (a total of 178) were collected in May and September in 2014. Each water sample consisted of five homogenized sub-samples (1 L) that were taken from 0-10 cm depths within an area of approximately 25 m 2 and then placed into pre-cleaned Teflon bottles. Water samples were filtered through a 0.45-µm capsule filter, placed in a cooler, and immediately delivered to the laboratory. River sediments were collected synoptically at the same sites as the water samples. Each sample of sediment was composed of five homogenized sub-samples that were taken from the top 10 cm within an area of 5 m 2 . Composite samples of sediment were placed in dark-colored Teflon bottles, refrigerated and returned immediately to the laboratory, where the samples were air-dried, crushed, mixed thoroughly and passed through a 100-mesh nylon sieve before being stored at 4 • C in the dark until analysis.
Quantification of Surface Water Quality and Heavy Metals in Sediment
Concentrations of total phosphorus (TP), total nitrogen (TN), ammonia nitrogen (NH 3 -N), nitrate nitrogen (NO 3 -N) and chemical oxygen demand (COD) in water samples were analyzed according to the State Standard on Surface Water Environmental Quality of China (GB 3838-2002) . GB 3838-2002 specified the standards for the determination of water pollutants and the quality level of water. Water quality was divided into five levels in GB 3838-2002, water quality in level I was used for water source or National Nature Reserve, and water in level Vcan only match general landscape requirement. Sediments were digested with HNO 3 and H 2 O 2 according to United States Environmental Protcction Agency (USEPA) Method 3051. The total concentrations of heavy metals (Cd, Pb, Cu, Cr, Zn, As, Ni) in the digestates and reagent blanks were quantified by inductively coupled plasma mass spectrometry (ICP-MS, 7500a, Agilent Technologies, Santa Clara, CA, USA). Quality assurance and quality control for the quantification of heavy metals were determined by analyzing duplicates, method blanks, liquid standard solutions and Chinese Standard certified reference materials GBW07427 (GSS-13). Repeatability for individual heavy metals was three and recovery rates of heavy metals from the sediment were all greater than 80%. Concentrations of pollutants were shown in Tables 2 and 3 . 
Assessment on Surface Water Quality
A universal index formula in the form of a logarithmic power function was proposed to design a eutrophic evaluation model that is scientific and reasonable, simple and intuitive, universal and common, easy to calculate and convenient to use. This formula was based on the 'normalized values' of multi-indices from the 'reference values' of indices for eutrophic evaluation [25] . The universal index can be calculated by the following equation:
(1)
Here, EI is the composite eutrophication indices. W j is the weights of different eutrophication indices. X j is the 'standardized values' of each index compared with the 'reference values' for eutrophic evaluation. X n is the concentration of the corresponding index. X 0 is the 'extremely oligotrophic value' of the corresponding eutrophication indices. X 0 for TP, TN, NH 3 -N, NO 3 -N and CODare 1.0, 0.02, 0.01, 0.1, and 0.12 mg/L, respectively [2] . When EI ≤ 20, the water quality is defined as 'slightly eutrophic', and 'moderately eutrophic', 'eutrophic', 'highly eutrophic' and 'extremely eutrophic' are defined, respectively, when 20 
Potential Ecological Risk Index
The potential ecological risk index was proposed to evaluate the characteristics and environmental behavior of heavy metal pollution in sediments. The ecological risk index is calculated by the following equation [25, 26] :
Among them, C r i is the value of the concentration of a heavy metal divided by the background value. C S i is the measured concentration of a heavy metal and C n i is the background concentration of a heavy metal. T r i is the toxic factor of a heavy metal, the values for Cd, As, Pb, Cu, Ni, Zn, Cr were 30, 15, 5, 5, 5, 2 and 1, respectively [26] . E r i is the monomial potential ecological risk factor, which indicates the integrated ecological risk index. The ecological risk for each heavy metal can be categorized as follows: E r i < 40: low risk; 40 ≤ E r i < 80: moderate risk; 80 ≤ E r i < 160: considerable risk; 160 ≤ E r i < 320: high risk; and E r i ≥ 320: extremely high risk. The potential ecological risk index (RI) represents the overall ecological risk of multiple heavy metals in the sediments. RI was classified into four levels: RI < 150: low risk; 150 ≤ RI < 300: moderate risk; 300 ≤ RI < 600: considerable risk; and RI ≥ 600: high risk [25, 26] .
Enrichment Factors
Enrichment factors (EFs) were used to distinguish between natural and anthropogenic contributions of pollution by determining potential sources of metals to riverine, estuarine and coastal environments [27] . To identify anomalous concentrations of metals, the geochemical normalization of concentrations of metals to concentrations of a conservative element, such as aluminum (Al), iron (Fe), or silicon (Si), was conducted. In this study, Al was used as the conservative tracer to differentiate natural from anthropogenic sources of heavy metals. The EF for each metal was calculated as follows [28] :
Here, EF is the enrichment factor, (M/Al) sample is the ratio of the concentrations of heavy metals and that of Al in the sample, and (M/Al) background is the ratio of heavy metals and Al concentration in the background. Background values of heavy metals in the Haihe River Basin collected from background values of soil elements in China are shown in Table 3 . Values of EF between 0.5 and 1.5 indicate that the metal was entirely from crustal materials or natural processes, whereas values of EF greater than 1.5 suggest that sources were more likely the result of human activities [29] . The categories of contamination were defined based on EF values. For example, an EF value between 1.5 and 2 suggests a minimal enrichment of heavy metals. Alternatively, an EF value greater than 2 implies enrichment of heavy metals due to an increase in human activity [30] .
Data Analysis
Correlation analysis and regression analysis were done using SPSS version 19.0 (IBM, Armonk, NY, USA) and figures were generated in Arcgis 10.2 (Esri, Redlands, CA, USA) and Origin 8.0 (OriginLab, Northampton, MA, USA).
Results
Surface Water Quality
As shown in Table 2 In general, the surface water quality in the Haihe River Basin was serious and TN, TP, and COD were the mainpollutants that affected surface water quality. To further assess the surface water quality of different chemical indices, the universal index using a logarithmic power function was proposed to assess water eutrophication and widely used in China [2, 17] . The calculated EIs and their distribution are displayed in Figure 2 . Generally, the mean EI in the Haihe River Basin was 67.99, which indicated a 'highly eutrophic' level in this region. Furthermore, none of water samples was below the eutrophic level, among which, 20.6% were at a 'eutrophic' level, 60% were at a 'highly eutrophic' level and 19.4% were at a 'extremely eutrophic' level, indicating the serious condition of surface water quality in the Haihe River Basin, which was consistent with other studies [2, 31, 32] . The eutrophication variations were apparent in different watersheds in the Haihe River Basin: BSRDP > ZYR > TMR > BSR > DQR > YDRMA > LR > ZWR > HLG.
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Results
Surface Water Quality
As shown in Table 2 In general, the surface water quality in the Haihe River Basin was serious and TN, TP, and COD were the mainpollutants that affected surface water quality. To further assess the surface water quality of different chemical indices, the universal index using a logarithmic power function was proposed to assess water eutrophication and widely used in China [2, 17] . The calculated EIs and their distribution are displayed in Figure 2 . Generally, the mean EI in the Haihe River Basin was 67.99, which indicated a 'highly eutrophic' level in this region. Furthermore, none of water samples was below the eutrophic level, among which, 20.6% were at a 'eutrophic' level, 60% were at a 'highly eutrophic' level and 19.4% were at a 'extremely eutrophic' level, indicating the serious condition of surface water quality in the Haihe River Basin, which was consistent with other studies [2, 31, 32] 
Heavy Metals in Sediments
As shown in Table 3 , the mean concentrations of Cu, Zn, Cr, Pb, Ni, Cd and As in the Haihe River Basin were 51.01, 167.27, 112.09, 37.81, 41.38, 0.20 and 7.56 mg/kg, respectively, which were all higher than the background values [33] in the Haihe River Basin, except for As. Among all the metals, Zn had the highest content, and Cd had the lowest value. This did not represent the real contamination levels of heavy metals because the evaluation of heavy metal contamination was based on comparisons with their respective background values. Based on the comparison of a metal concentration in the sediments with its background value, a potential ecological risk index was proposed to assess the contamination level of heavy metals [26] . Potential ecological risk (PER) represents the sensitivity of the biological community to a given substance and illustrates the risk induced by contamination [34, 35] . The individual Potential Ecological Risk Index (Er i ) of heavy metals in the Haihe River Basin are presented in Table 3 , and the potential risk level of individual heavy metals in the Haihe River Basin were Cd > Cu > As > Pb > Ni > Cr > Zn. All the metals except Cd showed a low PER, which implied that those metals had a low potential ecological risk level, except for Cd. The potential ecological risk grade of Cd reached a moderate risk level that should be taken into consideration when formulating environmental management strategies. The mean potential ecological risk index (RI) in the Haihe River Basin was 109, which showed that the overall potential risk of multiple heavy metals in this region was low.
The distribution of the potential risk of heavy metals is presented in Figure 2 . According to the PERs in different watersheds in the Haihe River Basin, the risk level of multiple heavy metals was ZYR > DQR > ZWR > BSRDP > HLG > BSR > YDRMA > LR > TMR. What is even more concerning, the ZYR and DQR watersheds had a moderate risk level. In these two watersheds, 22% of samples reached 'moderate risk', while 13% samples reached 'considerable risk', and one sample in the ZYR watershed even reached 'high risk', with RI value of 603. Although the potential ecological risk level was low in the whole Haihe River Basin, long-term monitoring for heavy metals in sediments is still needed, especially in moderate risk regions, such as the ZYR and DQR watersheds.
An enrichment factor is a normalization technique widely used to separate metals derived from natural sources in the environment from those associated with anthropogenic activities [36] . Values of EF greater than 1.5 suggested that the sources of heavy metals were more the result of human activities [30] . To further evaluate anthropogenic influences on heavy metals in river sediments in the Haihe River Basin, the EF for each metal was calculated. The mean EF was highest for Cd (3.71), indicating the highest degree of anthropogenic contamination of this metal, followed by Zn (3.38), Pb (2.50), Cu (2.35), Cr (1.10), Ni (1.05) and As (1.02) ( Table 3 ), indicating that in the Haihe River Basin, Cd, Zn, Pb and Cu pollution were mostly attributed to human activities [29] . The spatial distribution of EF values of heavy metals in different regions are shown in Figure 2 , 
As shown in Table 3 , the mean concentrations of Cu, Zn, Cr, Pb, Ni, Cd and As in the Haihe River Basin were 51.01, 167.27, 112.09, 37.81, 41.38, 0.20 and 7.56 mg/kg, respectively, which were all higher than the background values [33] in the Haihe River Basin, except for As. Among all the metals, Zn had the highest content, and Cd had the lowest value. This did not represent the real contamination levels of heavy metals because the evaluation of heavy metal contamination was based on comparisons with their respective background values. Based on the comparison of a metal concentration in the sediments with its background value, a potential ecological risk index was proposed to assess the contamination level of heavy metals [26] . Potential ecological risk (PER) represents the sensitivity of the biological community to a given substance and illustrates the risk induced by contamination [34, 35] . The individual Potential Ecological Risk Index (E r i ) of heavy metals in the Haihe River Basin are presented in Table 3 , and the potential risk level of individual heavy metals in the Haihe River Basin were Cd > Cu > As > Pb > Ni > Cr > Zn. All the metals except Cd showed a low PER, which implied that those metals had a low potential ecological risk level, except for Cd. The potential ecological risk grade of Cd reached a moderate risk level that should be taken into consideration when formulating environmental management strategies. The mean potential ecological risk index (RI) in the Haihe River Basin was 109, which showed that the overall potential risk of multiple heavy metals in this region was low. The distribution of the potential risk of heavy metals is presented in Figure 2 . According to the PERs in different watersheds in the Haihe River Basin, the risk level of multiple heavy metals was ZYR > DQR > ZWR > BSRDP > HLG > BSR > YDRMA > LR > TMR. What is even more concerning, the ZYR and DQR watersheds had a moderate risk level. In these two watersheds, 22% of samples reached 'moderate risk', while 13% samples reached 'considerable risk', and one sample in the ZYR watershed even reached 'high risk', with RI value of 603. Although the potential ecological risk level was low in the whole Haihe River Basin, long-term monitoring for heavy metals in sediments is still needed, especially in moderate risk regions, such as the ZYR and DQR watersheds.
An enrichment factor is a normalization technique widely used to separate metals derived from natural sources in the environment from those associated with anthropogenic activities [36] . Values of EF greater than 1.5 suggested that the sources of heavy metals were more the result of human activities [30] . To further evaluate anthropogenic influences on heavy metals in river sediments in the Haihe River Basin, the EF for each metal was calculated. The mean EF was highest for Cd (3.71), indicating the highest degree of anthropogenic contamination of this metal, followed by Zn (3.38), Pb (2.50), Cu (2.35), Cr (1.10), Ni (1.05) and As (1.02) ( Table 3 ), indicating that in the Haihe River Basin, Cd, Zn, Pb and Cu pollution were mostly attributed to human activities [29] . The spatial distribution of EF values of heavy metals in different regions are shown in Figure 2 , which was similar to the concentrations and potential risk. The high EF values confirmed that intensive human activities were the main factor that resulted in the enrichment of heavy metals in the whole Haihe River Basin and different sub-watersheds [30] .
Synergic Pollution Characteristics in the Haihe River Basin
Surface water quality and heavy metal pollution in sediments were both analyzed above, and in this part, synergic pollution characteristics between different pollutants and media in the Haihe River Basin were explored. To detect the synergic pollution characteristics in the Haihe River Basin, correlation analyses between different pollutants in the watershed scale had been carried out. Constructed Pearson correlation coefficients between different pollutants are displayed in Table 4 . The results showed that a positive correlation exists between the following pairs of pollutants: Zn-Ni (0.809 **), Cr-Ni (0.673 **), Cu-Ni (0.686 **), Zn-Cr (0.617 **), TN-NH 3 -N (0.611 **) and TN-NO 3 -N (0.605 **) (p < 0.01). This indicates that these pollutants were associated with each other and may have common sources in the Haihe River Basin. However, all these pollutant pairs existed in single media, and there was no positive correlation between pollutants in water and pollutants in sediments. It seemed that the analysis between single pollutants cannot provide enough evidence to prove synergic pollution characteristics in the Haihe River Basin, so further analysis between the potential ecological risk of heavy metals in sediments and eutrophication in water bodies was done at the watershed and sub-watershed scale in order to explore synergic pollution characteristics. The results of the correlation and regression analyses are displayed in Figure 3 and Table 5 . At the basin scale, the calculated Pearson correlation coefficient (0.318 *) between EIs and RIs, which represented eutrophication in water bodies and potential ecological risk of heavy metals in sediments respectively, were significantly correlated (p < 0.05). In other words, eutrophication and the potential ecological risk of heavy metals were correlated such that synergic pollution occurred in the Haihe River Basin. However, the Haihe River Basin is vast in territory that synergic pollution showed spatial differences in different sub-watersheds. At the sub-watershed scale, extremely significant correlations between EI and RI were found in the central area of the Haihe River Basin, such as DQR (0.992 **), BSRDP (0.631 **) and ZYR (0.627 **) watersheds (p < 0.01),indicating that eutrophication in water and the potential ecological risk of heavy metals in sediments in these regions were significantly associated with each other. As reported in Sections 3.1 and 3.2, these sub-watersheds were all seriously polluted with eutrophication or heavy metals. In other words, serious synergic pollution of eutrophication in water and the potential ecological risk of heavy metals in sediments occurred in the central region of the Haihe River Basin.
To determine the potential factors that caused the difference of synergic pollution and its spatial distribution in the Haihe River Basin, an analysis of relationships between socioeconomic data and the degree of synergic pollution of potential ecological risk of heavy metals in sediments and eutrophication in water bodies was done. The correlation coefficients between RIs and EIs were used to describe the degree of synergic pollution, while the socioeconomic data were used to measure the intensity of human activity, and all the socioeconomic data were normalized. In the whole Haihe River Basin, the degree of synergic pollution was significantly correlated with population and GDP, which confirmed that human activities were the dominant factors that caused the synergic pollution of surface water quality and heavy metal pollution in sediments ( Figure 4 and Table 6 ). In addition, among all the economic data, secondary industry output was the data most significantly correlated with the degree of synergic pollution of potential ecological risk and eutrophication, followed by tertiary and primary industry in turn. These findings revealed that among all economy activities, secondary industry made the largest contribution to synergic pollution in the Haihe River Basin. At the basin scale, the calculated Pearson correlation coefficient (0.318 *) between EIs and RIs, which represented eutrophication in water bodies and potential ecological risk of heavy metals in sediments respectively, were significantly correlated (p < 0.05). In other words, eutrophication and the potential ecological risk of heavy metals were correlated such that synergic pollution occurred in the Haihe River Basin. However, the Haihe River Basin is vast in territory that synergic pollution showed spatial differences in different sub-watersheds. At the sub-watershed scale, extremely significant correlations between EI and RI were found in the central area of the Haihe River Basin, such as DQR (0.992 **), BSRDP (0.631 **) and ZYR (0.627 **) watersheds (p < 0.01),indicating that eutrophication in water and the potential ecological risk of heavy metals in sediments in these regions were significantly associated with each other. As reported in Sections 3.1 and 3.2, these sub-watersheds were all seriously polluted with eutrophication or heavy metals. In other words, serious synergic pollution of eutrophication in water and the potential ecological risk of heavy metals in sediments occurred in the central region of the Haihe River Basin.
To determine the potential factors that caused the difference of synergic pollution and its spatial distribution in the Haihe River Basin, an analysis of relationships between socioeconomic data and the degree of synergic pollution of potential ecological risk of heavy metals in sediments and eutrophication in water bodies was done. The correlation coefficients between RIs and EIs were used to describe the degree of synergic pollution, while the socioeconomic data were used to measure the intensity of human activity, and all the socioeconomic data were normalized. In the whole Haihe River Basin, the degree of synergic pollution was significantly correlated with population and GDP, which confirmed that human activities were the dominant factors that caused the synergic pollution of surface water quality and heavy metal pollution in sediments ( Figure 4 and Table 6 ). In addition, among all the economic data, secondary industry output was the data most significantly correlated with the degree of synergic pollution of potential ecological risk and eutrophication, followed by tertiary and primary industry in turn. These findings revealed that among all economy activities, secondary industry made the largest contribution to synergic pollution in the Haihe River Basin. Note: ** Correlation significant at the 0.01 level (2-tailed).
Discussion
The Driving Force Foreutrophication in the Haihe River Basin
Surface water quality was poor in the Haihe River Basin such that under different kinds of human disturbance, eutrophication in the Haihe River Basin showed obvious spatial differences. Intensive human activities in urban life, the construction of reservoirs and agricultural non-point source pollution were the main driving forces that influenced the water quality in the Haihe River Basin. Intensive human activities in urban life influenced the surface water quality and its spatial differences through large sewage discharges. In the Haihe River Basin, the most polluted area of surface water was the BSRDP watershed, with a mean value of EI (75.72), which was close to 'extremely eutrophic (76.28)' and significantly higher than the values in the other watersheds. As shown in Table 1 , the tertiary industry output in this area was 1146 billion yuan, which accounted for 63% of GDP in this area, and the population density was 1473 km −2 , which was significantly higher than those in the other sub-watersheds in the Haihe River Basin. The highest tertiary industry output and population density in BSRDP indicated the highest level of intensive human activities in urban life, and it was reported that the sewage discharge caused by intensive human activities from the large cities such as Beijing (1445.79 million tons in 2013) and Tianjin (568.83 million tons in 2013) located in this area was the main factor that resulted in the degeneration of water quality [37, 38] . Similarly, following BSRDP, the ZYR watershed was the second most polluted area of surface water. Previous studied have revealed that sewage discharge caused by urban life from large cities such as Shijiazhuang, Handan and Xingtai may lead to the eutrophication in the rivers in these regions [17, 39, 40] . Otherwise, in the ZYR watershed, the construction of reservoirs in the upstream area was another important type of human disturbance that affected water quality. The construction of reservoirs caused a reduction in streamflow, which contributed to accelerate the accumulation of nutrients and was another important driving force for the eutrophication in the ZYR watershed [41] . The Haihe River Basin was also one of the most important grain districts in China, with wheat, corn and cotton production. Agricultural non-point source pollution due to the application of chemical fertilizers and pesticides led to the pollution of water bodies in agricultural areas in the ZYR, DQR and HLG watersheds. All these findings confirmed the fact that intensive human disturbance was the main factor that influence the surface water quality and its spatial differences.
The Effects of Industry Structure on Heavy Metal Pollution
The spatial distribution of heavy metals was mainly determined by the regional industry structure. In the Haihe River Basin, the ZYR and DQR watersheds were the most polluted areas of heavy metals and had a moderate risk level, while the risk levels of heavy metals in other regions in the Haihe River Basin were low. Previous studies have reported that the ZYR watershed was significantly contaminated by heavy metals due to industrial development and rapid urbanization [42, 43] . To further analyze the industrial structure, we found that industry in the ZYR watershed was dominated by resource and energy consumption industries with backward manufacturing techniques, such as the pharmaceutical chemical industry, the printing and dyeing industry, the paper making industry, and the brewing industry, which caused large amounts of pollutants to be discharged to the water environment. Otherwise, driven by economic interests, the discharge of wastewater without any treatment directly into rivers from enterprises was widespread. Furthermore, parts of rivers in this region flowed slowly, or even dried up sometimes, which accelerated the accumulation of metals in sediments [44] . Similarly, the DQR watershed was located in the central Haihe River Basin, including large parts of Hebei Province, with parts of Beijing, Tianjin and Shanxi Province. It has been reported that highly developed heavy industry was the main cause of heavy metal pollution in this region [44, 45] . As shown in Table 1 , the output of secondary industry (767.8 billion yuan) in the DQR watershed was the highest in the Haihe River Basin, and the industrial structure there was mostly based on high-polluting heavy industry, such as petrochemical, mining, metallurgy, electric and coke production industry. The discharge of pollutants from those high-polluting heavy industries increased the risk level of heavy metals in this region. Otherwise, in other watersheds with a low risk level of heavy metals, the industrial structure was based on new energy and energy-efficient industry with advanced technology and production engineering, such as the BSRDP watershed, or industry there was less developed, as indicated by the low secondary output, such as in the TMR, HLG, YDRMA and BSR watersheds All these findings confirmed that the regional industrial structure significantly influenced the spatial distribution of heavy metal pollution.
The Effects of Human Activities on Synergic Pollution of Surface Water and Sediments
Anthropogenic activities in industrial production and daily life, especially in secondary industry, are the main contributors to synergic pollution of surface water quality and heavy metals in sediments in the Haihe River Basin. In the Haihe River Basin, highly synergic pollution of heavy metals in sediments and eutrophication in waters were found in the central areas, where intensive human activities existed. As shown in Table 1 and Figure 1 , the three sub-watersheds ZYR, DQR and DPBSR in the central Haihe River Basin occupied approximately 33.33% of the whole basin, with more than 50% of total population. The GDP in these watersheds was significantly higher than that in the other watersheds, accounting for 70% of the GDP in the Haihe River Basin. The highest population density and GDP in the central regions showed intensive human activities in these areas. The secondary industrial output in the central areas accounted for 55% of the whole basin, which indicated intensive human activities in industrial productive activity. These data supported the conclusion that anthropogenic activities in production and daily life, especially in secondary industry, had a great impact on the synergic pollution of surface water quality and heavy metals in sediments in the Haihe River Basin. In detail, there are many industrial and manufacturing bases dominated by resource and energy consumption industries and highly polluting heavy industries in the central areas of the Haihe River Basin, such as Sinopec (the largest petrochemical enterprises in China), Hebei Iron and Steel Group Co. (the largest iron and steel production base in Shijiazhuang, China), Shougang Group (one of the most important iron and steel production bases in Beijing, China), Jingxing coal mine and Kailuan coal mine (important coal production and processing bases in China), and so on. Pollutants discharged from those highly polluting industrial enterprises into the water environment exacerbated the synergic pollution in the central region. Otherwise, the tertiary industry output in central areas accounted 79% of that of the whole basin, which implied intensive human activities in urban daily life. The primary industry output in these areas reached 57% of that of the whole basin, and the central plain of the Haihe River Basin is one of the most important grain districts in China, with wheat, corn and cotton production. Agricultural non-point source pollution due to the application of chemical fertilizers and pesticides lead to the pollution of water bodies in these areas. All these data showed central regions in the Haihe River Basin were developed areas with intensive human activities in agricultural and industrial production and urban life. Pollutant emissions caused by intensive human activities in industrial and agricultural production and human daily life were the major cause for the synergic pollution of eutrophication and heavy metal pollution in sediments. Otherwise, as shown in Tables 1 and 5 , in other regions with less population and GDP in the Haihe River Basin, there were no significant correlations between eutrophication and potential ecological risk of heavy metals, so synergic pollution in these areas was not serious. Furthermore, the eutrophication in waters and potential ecological risk of heavy metals in sediments were negatively correlated in the BSR watershed, in which the population, GDP and secondary output were all the minimum values, indicating the lowest degree of human activities in this region, which confirmed the fact that synergic pollution in the Haihe River Basin was mostly caused by highly intensive human activities in agricultural and industrial production and urban life, especially in secondary industry in developed areas with high population density.
The conclusion that intensive activities, especially in secondary industry, significantly influenced the synergic pollution of surface water quality and heavy metals in sediments can not only be used in the Haihe River Basin, but also provide a reference for large-scale environmental monitoring and management and be expanded to other regions. The degree of synergic pollution reflected the coordination of pollution conditions in different media, and the relationship between degrees of synergic pollution and socioeconomic data implied the relationship between human activities and the coordination of pollution conditions in different media, which could provide an indicative basis for water environmental monitoring and investigation in watershed environmental management. The results indicate that when serious water pollution occurs in watersheds with intensive human activities in industrial and agricultural production and urban life, the corresponding pollution of heavy metals in sediments will exist as well, and the pollution in one kind of media can serve as an indicator for pollution in another kind of media. Using these results in watershed environmental management could effectively reduce the costs of environmental monitoring and provide the basis for further research on water environmental risk management and control.
Conclusions
An overview of surface water quality, heavy metals in sediments and their synergic pollution characteristics within the Haihe River Basin has been given. Mean concentrations of total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NH 3 -N), nitrate nitrogen (NO 3 -N), chemical oxygen demand (COD) in waters and heavy metals (Cd, As, Pb, Cu, Ni, Zn, Cr) in sediments were investigated in the Haihe River Basin. The mean TN, TP, NH 3 -N, NO 3 -N, and COD were 5.05, 0.98, 0.45, 3.56 and 37.87 mg/L, respectively, while the mean concentrations of Cd, As, Pb, Cu, Ni, Zn, Cr were 51.01 mg/kg, 167.27 mg/kg, 112.09 mg/kg, 37.81 mg/kg, 41.38 mg/kg, 0.20 mg/kg and 7.56 mg/kg, respectively. The mean EI value was 67.93, and the surface water quality in the Haihe River Basin was poor, which implied serious eutrophication in the whole basin. The BSRDP watershed had the highest level of eutrophication due to anthropogenic emissions from urban areas. Potential ecological risk index (PER) values showed that the ZYR and DQR watersheds were confronted with moderate levels of potential ecological risk of heavy metal pollution in sediments. High EF values and industry structure based on the resource and energy consumption and heavy industry there showed human activities in industry production lead to metal pollution and enrichment in these watersheds. Among all the metals, Cd showed the highest potential ecological risk level, and Cd, Zn, Cu and Pb showed the greatest anthropogenic enrichment, as indicated by enrichment factor (EF) values >2. The synergic pollution of heavy metals in sediments and eutrophication in waters occurred in the Haihe River Basin, particularly in the central regions of the Haihe River Basin where intensive human activities existed. The relationship between the degree of synergic pollution and socioeconomic data revealed that in the Haihe River Basin, synergic pollution was significantly correlated with GDP and population, especially secondary industrial output. These findings confirmed the conclusion that intensive human activities in industrial and agricultural production, especially in secondary industry, significantly influenced the synergic pollution of heavy metals in sediments and eutrophication in waters. This result is not only applicable for regional environmental protection and development in the Haihe River Basin but can also be extended into regions in which serious synergic pollution may occur. In regions where intensive human activities exist, especially with developed secondary industry, water eutrophication and sediment pollution by heavy metals usually occur simultaneously. Therefore, when serious water pollution occurs in these developed regions, corresponding pollution of heavy metals in sediments will exist as well, and the pollution in one kind of media can serve as an indicator for pollution in another kind of media. For better environmental monitoring and management, these conclusions should be taken into consideration, and effective measures must be taken to optimize industrial structure, vigorously support environmentally friendly enterprise sand increase investments in environmental protection for high polluting enterprises to reduce pollution emissions and prevent the synergic pollution that occurs in areas strongly affected by anthropogenic activities.
